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Monitoring daily evapotranspiration in Northeast Asia using
MODIS and a regional Land Data Assimilation System
Keunchang Jang/ Sinkyu K ang/ Yoon-Jin L im / Seungtaek Jeong/ Joon K im /
John S. Kim ball/ and Suk Young Hong^
Received 26 July 2013; revised 10 October 2013; accepted 4 Novem ber 2013; published 9 December 2013.

[i] We applied an approach for daily estimation and monitoring of evapotranspiration (ET)
over the Northeast Asia monsoon region using satellite remote sensing observations from
the Moderate Resolution Imaging Spectroradiometer (MODIS). Frequent cloud cover
results in a substantial loss of remote sensing information, limiting the capability of
continuous ET monitoring for the monsoon region. Accordingly, we applied and evaluated a
stand-alone MODIS ET algorithm for representative regional ecosystem types and an
altemative algorithm to facilitate continuous regional ET estimates using surface
meteorological inputs from the Korea Eand Data Assimilation System (KEDAS) in addition
to MODIS land products. The resulting ET calculations showed generally favorable
agreement (root-mean-square error <1.3 m m d ^ / with respect to in situ measurements
from eight regional flux tower sites. The estimated mean annual ET for 3 years (2006 to
2008) was approximately 362.0± 161.5 mmyr^^ over the Northeast Asia domain. In
general, the MODIS and KEDAS-based ET (MODIS-KEDAS ET) results showed
favorable performance when compared to tower observations, though the results were
overestimated for a forest site by approximately 39.5% and underestimated for a cropland
site in South Korea by 0.8%. The MODIS-KEDAS ET data were generally underestimated
relative to the MODIS (MOD 16) operational global terrestrial ET product for various biome
types, excluding cropland; however, MODIS-KEDAS ET showed better agreement than
MOD 16 ET for forest and cropland sites in South Korea. Our results indicate that MODIS
ET estimates are feasible but are limited by satellite optical-infrared remote sensing
constraints over cloudy regions, whereas altemative ET estimates using continuous
meteorological inputs from operational regional climate systems (e.g., KEDAS) provide
accurate ET results and continuous monitoring capability under all-sky conditions.
Citation: Jang, K., S. Kang, Y.-J. Lim, S. Jeong, J. Kim, J. S. Kimball, and S. Y. H ong (2013), M onitoring daily
evapotranspiration in N ortheast Asia using M O D IS and a regional Land D ata Assimilation System, J. Geophys. Res.
Atmos., 118, 12,927-12,940, doi:10.1002/2013JD020639.
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quantifies the land and atmosphere exehange of water and
latent energy and is the primary link between the global water
and energy eyele s. ET is one of the main faetors in the hydro, •
1
*. •
-cno/
j
r
■
logie eyele, retummg more than 60% ot land surtaee preeipatmosphere [Dingman, 1994; Oki and
rr, 7 ,7 et, at.,; 2007J.
onmn Therefore,
t,,
c
.. „
Kanae, 2006; Trenberth
spatially
and temporally aeeurate ET monitoring ean provide eritieal
information to improve O U r understanding of the energy,
Water, and earbon eyeles in terrestrial eeosystems [Mm
a l, 2007; VenturM et a l, 2 0 0 8 ; Yuan et a l, 2 0 1 0 ] .
[3 ] Satellite remote sensing is a useful teehnique for
estimating and monitoring ET over a large seale beeause of
the global continuity of the observations. Altemative
methods for ET estimation and regional monitoring have
been developed using satellite remote sensing data, inelnding
the NASA Moderate Resolution Imaging Spechoradiometer
(MODIS) SCnsor on Terra and Aqua. The many algorithms
to estimate ET using satellite remote sensing data ean be
Separated into purely remote sensing-drivcn ET algorithms
[Bastiaanssen et a l, 1 9 9 8 , 2 0 0 5 ; Su, 2 0 0 2 ; Kim and
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Hogue, 2008; Renzullo et al., 2008; Venturini et ah, 2008;
Jang et ah, 2009; Tang et ah, 2009] and hybrid-type ET
algorithms that use remote sensing observations and additional
inputs from meteorologieal reanalysis data [Boegh et al., 2004;
Yang et al., 2006; Cleugh et al., 2007; Mu et al., 2007, 2009;
Wang and Georgakakos, 2007; Jang et al., 2010; Yuan
et al., 2010]. The historieal methods and aeeuracy of estimat
ing ET using either in situ measurements or remotely sensed
data are eomprehensively reviewed by Glenn et al. [2007],
Kalma et al. [2008], and Li et al. [2009].
[4 ] Methods for estimating ET using MODIS data have
been developed in several different formulations. In partieular,
the revised Remote Sensing-Penman Monteith (RS-PM) algo
rithm proposed by Mu et al. [2007] has been used in various
studies for estimating ET [Jang et al., 2009, 2010; Mu et al.,
2009; Jeong et al., 2009; Sheffield et al., 2009; Ferguson
et al., 2010; Lu and Zuang, 2010; Yuan et al., 2010]. The
revised RS-PM algorithm aeeounts for both eanopy transpira
tion and soil evaporation eomponents and eonsiders vegetation
eanopy eonduetanee and environmental eonstraints (i.e., mini
mum air temperature,
and vapor pressure defieit, VPD)
for estimating ET. Sheffield et al. [2009] applied the revised
RS-PM algorithm for investigating the terrestrial water budget,
and Lu and Zuang [2010] used the same algorithm to estimate
water use effieieney, defined as the ratio of gross primary
produet to ET, in the eonterminous United States; these
authors eompared MODIS-based ET estimates with in situ
tower observations from 28 AmeriFlux sites and found
favorable agreement (r^>0.51). Ferguson et al. [2010]
estimated ET using a remotely sensed data set with the
revised RS-PM algorithm over the eontinental U.S. and
investigated retrieval bias aeeording to the input sourees
of ET derived from the variable infiltration eapaeity. North
Ameriean Regional Reanalysis, and Gravity Reeovery and
Climate Experiment. Jang et al. [2010] proposed a methodol
ogy for estimating ET based on the revised RS-PM algorithm
with the MODIS atmosphere and land produets over the Geum
River basin in South Korea. ET was derived only using
MODIS produets under elear-sky eonditions. Under eloudysky eonditions, however, meteorologieal data were obtained
from four-dimensional data assimilation [Dudhia et al., 2005]
between the MODIS atmospherie produet and fifth-generation
Mesoseale Meteorologieal Model to estimate ET beeause
meteorologieal variables from the MODIS atmosphere prod
uets were not available due to eloud eontamination.
[5 ] Regional assessment and eontinuous daily monitoring
of ET over the Northeast Asia monsoon region, eonstituting
various land eover types and eomplex terrain, is partieularly
ehallenging due to frequent and extensive eloud eover, whieh
degrades satellite optieal-infrared sensor eapabilities for
eontinuous monitoring [Kang et al., 2005; Zhao et al.,
2005; Jang et al., 2009]. Satellite observations of land
surfaee eonditions are partieularly problematie during the
summer monsoon season (June to August) due to extensive
eloud eover and rainfall, typieally eausing signifieant gaps
in optieal-infrared sensor data. For this reason, ET estimation
approaehes have used additional aneillary data inputs and
meteorologieal or radiative transfer models to overeome the
limitations of the satellite observational data [Nishida et al.,
2003; Yang et al., 2006; Wang and Georgakakos, 2007; Mu
et al., 2009; Zhang et al., 2009; Jang et al., 2010; Yuan
et al., 2010].

[e] Global-seale meteorologieal data are not adequate for
many regional applieations due to their relatively eoarse
spatial resolution. For example, the operational MODIS
(MOD 16) ET produet uses MODIS-derived vegetation
eanopy eover information with eoarse- (~1° resolution)
seale aneillary surfaee meteorology inputs from Global
Modeling and Assimilation Offiee (GMAO) reanalysis data
to estimate the global daily ET [Mu et al., 2007, 2011]. The
NASA Data Assimilation Offiee and National Centers for
Environmental Predietion have even eoarser ( l° x l.2 5 °
and 2.5° x 2.5°) spatial resolutions. Although the North
Ameriean Land Data Assimilation System (NLDAS) has
higher 0.125° (approximately 10 km) data, it is eonfined to
the North Ameriea domain. Reeently, Kim et al. [2012]
reported on validation errors of MOD 16 ET produets using
17 flux tower observation sites in East Asia and found
eonsiderable errors for MOD16A2 8 day ET retrievals at all
sites, with the largest error for grassland sites. These authors
eoneluded that the eharaeteristies of elimate and topography
in Asia should be eonsidered beeause the Asian region has
eomplex terrain, land eover, and land use. Therefore, for
regional applieations, finer-seale meteorologieal data ean
better resolve loeal spatial heterogeneity in surfaee meteorol
ogy and assoeiated ET pattems.
[7 ] In this study, the methodology proposed by Jang et al.
[2010] was applied to monitor daily ET over Northeast Asia
by eombining MODIS produets and regional meteorologi
eal data from the Korea Land Data Assimilation System
(KEDAS), a regional LDAS applieation that provides im
proved spatial resolution (10 x 10 km) with an hourly time
step over Northeast Asia [Lim et al., 2010]. The objeetives
of the present study are to quantify the regional pattems
and daily variability of ET over the Northeast Asia monsoon
region and to determine the underlying environmental
faetors eonfrolling these proeesses. We used a stand-alone
MODIS ET algorithm [Jang et al., 2010] under elear and
partially eloudy eonditions, applying the same algorithm
using KEDAS and MODIS drivers for eloudy-sky eondi
tions to faeilitate eontinuous daily ET estimates. The ET
simulations are evaluated using in situ tower eddy eovarianee flux measurements from regionally representative land
eover types.

2.

M aterials and M ethods

2.1. Study Sites and Data Collection
[s] The Northeast Asia region ineluding South and North
Korea, Japan, eastem China, and Mongolia was seleeted as
the study domain (as denoted by the red box in Figure 1).
This domain eneompasses an area o f -7,681,000 km^, rang
ing from 100 to 150°E longitude and 30 to 50°N latitude,
and represents a major portion of the Asian monsoon region.
The annual preeipitation is higher (1600-2200 mm) in the
southem and eastem parts of the domain due to the summer
monsoon, whieh extends in a southwest to northeast frajeetory aeross the region. The southem portion of the domain
is relatively hot and humid, with annual preeipitation exeeeding 2000 mm, whereas the northwest portion of the domain is
very dry, with annual preeipitation less than 300 mm.
Grassland and barren areas are distributed throughout the
dry northwestem parts of the domain, and forests, ineluding
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Figure 1. Land cover map produced from the MODIS (MOD12Q1) land eover product and the
distribution of the flux tower measurement sites (yellow dots). The Northeast Asia study domain and
assoeiated ET simulations are indicated by the red box.
mixed forest, deciduous broadleaf forest, and evergreen
needleleaf forest, are the major vegetation type in the eastem
portion of the domain (Figure 1). Major cropland areas are
distributed over the central portion of the domain; in the
southem areas, rice and sorghum are major crops, and com
and wheat are cultivated in the northeastem part of China.
[9 ] We obtained observational data from eight eddy
covariance flux measurement towers in East Asia. These
observational data (e.g., see Table 1 and the yellow circles
in Figure 1) were used to evaluate MODIS remote sensingbased meteorologieal variables and validate the ET retrievals
derived from the MODIS stand-alone algorithm. The flux

towers used in this investigation are located in Korea (two
sites; GDK and HFK), Japan (two sites; TKY and TMK),
Mongolia (one site; SKT), and China (three sites; CBS,
HBG, and QYZ), whieh represent various major regional
vegetation types, including broadleaf deciduous forest,
evergreen coniferous forest, mixed (deciduous and coniferous)
forest, grassland, and cropland (Table 1).
2.2. Description of the ET Algorithm
[10] The Penman-Monteith (PM) equation [Penman, 1948;
Monteith, 1965; Monteith and Unsworth, 1990] has
frequently been used in hydrologieal, agricultural, and

Table 1. Description of Study Sites
Site Name

Location Elevation Temperature^
(“N, “E)
(m)
(°C)

Precipitation*
(mm)

Local Dominant
Species
Quercus sp..
Carpinus sp.
Seasonally
cultivated crops (paddy
rice, bean, sweet potato,
Indian millet, and
sesame)
Betula, Quercus sp.

GDK
(Gwangneung)
HFK
(Haenam)

37. 76,
127.15
34.55,
126.57

340

11.5

1332

13

13.3

1306

TKY
(Takayama)
TM K
(Tomakomai)
CBS
(Changbaishan)
QYZ
(Qianyanzhou)

36.15,
137.42
42.74,
141.52
42.40,
128.08
26.73,
115.05

1420

6.5

2275

140

6.2

1043

738

3.6

695

102

17.9

1485

HBG
(Haibei)
SKT (Southem
Khentei Taiga)

37.66,
101.33
48.35,
108.65

3200

- 1 .7

600

1630

- 2 .9

282

L arix kaempferi.
Betula ermanii
Pinus koraiensis.
Tilia amurensis
P inus sp..
Cunninghamia
lanceolata
Kobresia tibetica.
Carex sp.
Carex Spp., Koeleria
spp., Larix sibirica

L and Cover Tree Age
LA l”
Type
(years) (m ^m “ ^)
MF

80-200

6

CRP

1

3

DBF

50

4

BNF

45

5.6

MF

200

6.1

ENF

21

3.5

OLD

-

4

DNF

70-150

2.7

“The m ean annual air tem perature and precipitation from the AsiaFIux website (http://www.asiaflux.net/).
'’The m axim um LAI (projected).
“The data period used in this study.
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Figure 2. Processing flow for estimating ET using MODIS atmosphere and land produets.
natural vegetation studies to estimate ET for a variety of
hydroelimatie regimes [Nishida et al., 2003; Cleugh et al.,
2007; Mu et al., 2007; Wang and Georgakakos, 2007;
Sheffield et al., 2009; Jang et al., 2010; Yuan et al., 2010].
The revised RS-PM algorithm [Mu et al., 2007] is a mod
ified version of the RS-PM algorithm proposed by Cleugh
et al. [2007] and has been used in various applieations
[Mu et al., 2007, 2009; Jang et al., 2009, 2010;
Sheffield et al., 2009; Yuan et al., 2010]. We used the
same ET estimation algorithm as Jang et al. [2010], who
modified the surfaee resistanee estimation in the revised
RS-PM algorithm from Mu et al. [2007] by eonsidering
the maximum leaf eonduetanee {Cf} for various biome

types, by adding a shelter effeet term iff) that aeeounts
for the sheltering effeet eaused by eanopy phenology
ehanges [Dingman, 1994], and by eonsidering atmospherie
eonditions that are determined by the presenee of elouds.
This approaeh uses a modified form of the Mu et al.
[2007] algorithm, utilizing only MODIS land and atmo
sphere inputs to estimate ET during elear or partial eloud
eover eonditions (Figure 2); an altemative implementation
seheme is applied for eloudy-sky eonditions using addi
tional aneillary surfaee meteorology inputs from model data
assimilation. The latent heat flux {IE) term is eomposed of
eanopy transpiration (lEVeg) and soil evaporation (liisoii)
eomponents (Table 2).

Table 2. ET Model Parameters and Equations
Parameter
XE

Description

Equation

M u et al. [2007]

Total evapotranspiration

AEveg

Canopy transpiration

-^soil

Soil evaporation

J ^ R n .c a n o + p C p { e s -e g )/V g

A R n ,s o ^ \+ p C p { e s - e g ) /r g (( R
H '\
RH

A+y{rxoijrg)

M u et al. [2007]

VIOO.

Cl X

Jang et al. [2010]

x m{VPD)

g^xLAIxf,

Canopy conductance
(LA I - LAI„i„)
Shelter factor

Jang et al. [2010]

X

LAI„

0<LAI < 3

-L A I,m in

LAI>3

Jang et al. [2010]

Surface resistance

l/C

Aerodynamic resistance

(rc Xrr)/{rc + rr)

M u et al. [2009]

£££____

M u et al. [2007]

Resistance to radiative heat transfer

4.0xCTx{r^+273.15)^

Resistance to convective heat transfer
V 293.15

)

^

\

F:

I \

ffRn(t)dt

Daily average net radiation

Daily ET

{ lonppM

/7>F27345\1-75

12,930

X

Jones [1992] andM w
et al. [2007]
B isht et al. [2005]

b" dt
{DANR

M u et al. [2007]

M u et al. [2007]

^ to te ^ ^c o rr

Correction coefficient for the total aerodynamic
resistance to vapor transport

DET

M u et al. [2007]

A + y { \+ r s /r g )

Stomatal conductance

DA NR

References

X

m

X

Jang et al. [2010]
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[11] The ET algorithm considers the effects of surfaee
energy-partitioning proeesses and environmental eonstraints,
ineluding the daily minimum air temperature (Tlnin) and
vapor pressure defieit (VPD; i.e.,
£«), on stomatal
eonduetanee andET [Mu etal., 2007,2009]. As a key param
eter for estimating ET, the surfaee net radiation (R„, W m “ ^)
was calculated using MODIS atmosphere and land products
[Jang et al., 2010]. The stomatal eonduetanee (gc) was
estimated using the maximum leaf eonduetanee {Ci), defined
as the mean potential stomatal eonduetanee per unit leaf area
[Federer et al., 1996], and was reduced for unfavorable 7]^^
and VPD eonditions [Mu et al., 2007; Yuan et al., 2010]. The
surface resistanee (r^) is equal to the inversion of eanopy
eonduetanee (Q), whieh was calculated using g„ leaf area
index (LAI), and the shelter factor (/(). A biome property
look-up table (BPLUT) was used to define the range of
environmental eonstraints for various land eover types [Mu
et al, 2007, 2009; Jang et al., 2009, 2010]. The aerodynamic
resistanee ( r j, whieh strongly influenees ET, was estimated
by following Mu et al. [2007] using MODIS atmosphere and
land products; this calculation was adopted in previous studies,
ineluding Zhang et al. [2009], Jang et al. [2010], and Jeong
et al. [2009]. Details of the equations for aerodynamic resistanee
ean be found in Mu et al. [2007] and are presented in Table 2.
[12] The main differences from Jang et al. [2010] are the
change of input variables, ineluding LAI and the enhanced
vegetation index (EVI) as well as meteorologieal inputs.
The previous study used the MODIS MYD13A2 vegetation
index product to estimate LAI as an input for ET estimation.
In the current study, LAI data were obtained directly from the
MODIS MYD15A2 LAI product, whieh employs a detailed
radiative transfer modeling approaeh for LAI estimation that
aeeounts for eanopy architecture effects on vegetation radia
tion absorption. The temporal resolution of EVI, whieh was
used to calculate the vegetation eover fraction, was enhanced
from 16 days to 8 days by integrating T erra and Aqua
MODIS (MOD13A2 and MYD13A2) EVI products. More
detailed infroduetion and preprocessing for MODIS products
are presented in section 2.4 and Jang et al. [2010]. The
meteorologieal inputs were obtained from KEDAS, includ
ing the surfaee air temperature {To), relative humidity (RH),
surfaee air pressure (Py), and downward shortwave radiation
(P_^) to estimate ET under eloudy-sky eonditions. However,
R„, whieh is required for estimating ET, was not produced
in KEDAS. For this reason, we estimated R„ using the rela
tionships between
and R„ for each of major biome types.
More detailed descriptions for KEDAS data are presented in
section 2.5.
[13] The daily ET (DET, mm d“ ^) is generally more useful
for hydrologieal applieations than the instantaneous ET (lET
or XE, W m “ ^) derived at the satellite overpass time. Jang
et al. [2010] suggested a methodology to seale lET to
estimate DET based on the assumptions that the diumal net
radiation {R„) variation follows a sinusoidal pattem and that
the evaporation fraction (EF), defined as the ratio of IP (i.e.,
lET) to available energy (i.e., R„) [Shuttleworth et a l, 1989],
is relatively constant during the daytime. The assumption of
conservative EF diumal variability is supported by previous
research [Sugita and Brutsaert, 1991; Crago and Brutsaert,
1996]. The sinusoidal model was employed, and the day
length (Diength) was calculated as suggested by Dingman
[1994] and utilized, together with EF, to estimate daily ET.

2.3. MODIS-KLDAS ET
[14] We used a similar processing seheme as Jang et al.
[2010] to estimate DET over Northeast Asia; this method
used eloud mask information from the MODIS atmosphere
profile product. In this study, the number of elear atmosphere
pixels (ClearPix) derived from MODIS (MOD07_L2
product) was used to determine sky eonditions within each
5 X5 km resolution atmosphere pixel (i.e., 25 MODIS 1 km
land pixels). A ClearPix value of 25 indicates completely
elear-sky eonditions within a given atmosphere pixel;
ClearPix values less than 5 were eonsidered severely eloudy,
and subsequently, other atmospherie data were not produced.
[15] For elear to partially elear-sky eonditions (ClearPix > 5),
DET was estimated using MODIS products with the process
ing seheme presented in Figure 2. Under eloudy eonditions
(ClearPix < 5), aneillary meteorologieal inputs were obtained
from KEDAS, including Ta, RH, Pi, and R^ . Beeause
KEDAS does not provide net radiation data, we devised a
simple regression method to estimate R„ from
. A more
detailed description is provided in section 2.5.
[16] Consequently, the DET estimation was performed
solely using MODIS product inputs under elear to partially
elear-sky eonditions (MODIS ET; Figure 2) or using addi
tional aneillary surfaee meteorologieal inputs from KEDAS
under MODIS-defined eloudy eonditions (KEDAS ET).
The MODIS and KEDAS ET results were then combined
(MODIS-KLDAS ET) for spatially and temporally eontinu
ous mapping of ET over the Northeast Asia domain.
2.4.

MODIS Data

[17] Several MODIS land and atmosphere products were
used to estimate MODIS ET at 1 km spatial resolution.
Similar MODIS products have been used to estimate the
terrestrial radiation budget [Bisht et al., 2005; Ryu et al,
2008; Bisht and Bras, 2010], ET [Mu et al, 2007, 2009; Jang
et al, 2009, 2010], and vegetation gross primary productivity
[Zhao et al, 2005; Yuan et al, 2010; Zhao and Running,
2010]. In this study, we used several of the Collection 5 Aqua
MODIS land and atmosphere products to estimate ET, includ
ing the MYDl lA l land surfaee “skin” temperature and emissivity, MOD12Q1 land eover classification, MYD15A2 LAI,
MCD43B3 albedo, and atmospherie products (MYD04_L2
aerosol and MYD07_L2 atmospherie profiles). EVI data were
obtained from Terra and Aqua MODIS (MOD13A2 and
MYD13A2) products to calculate the vegetation eover fraction.
Jang et a/. [2010] discussed the problem of the eoarse temporal
resolution (16 day) of vegetation indices. For this reason, we in
tegrated the EVI data using the 16 day products available from
the Terra and Aqua product streams to improve EVI temporal
fidelity (8 day) for ET estimation.
[is] Cloud eontamination of satellite optieal-infrared
remote sensing retrievals is a major cause of reduced data
quality and low retrieval rates over many areas of the globe
[Kang et a l, 2005; Zhao et a l, 2005; Mu et a l, 2007; Jang
et a l, 2010]. Jang et al. [2010] sueeessfrilly applied gapfilling techniques for MODIS aerosol, vegetation indices,
and albedo inputs to improve the downstream retrieval rates
for shortwave radiation (R^), whieh is a fundamental vari
able for the estimation of R„ and ET; we applied these same
techniques to estimate ET in the present study.
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[19] The MOD16A2 ET product, which is an 8 day cumu
lative ET generated by the improved RS-PM ET algorithm
[Mm et al., 2011], was used to compare the spatial variability
of ET over Northeast Asia. The improved RS-PM algorithm
is the version modified by Mu et al. [2007], simplifying the
calculation of vegetation fractional eover and eonsidering
both daytime and nighttime ET, adding a soil heat flux term,
separating dry eanopy surface from wet, and dividing the soil
surface into saturated wet and drier moisture eomponents.
Mu et al. [2011] also calibrated a BPLUT for the best estima
tion of ET and reported favorable agreement in comparison
to flux tower observations from AmeriFlux sites.
2.5. Korea Land Data Assimilation System (KLDAS)
[20] The Land Data Assimilation System (LDAS) is a land
surface initialization technique to improve weather and
elimate predietion. There are several LDAS studies at global
or regional scales, inelnding the Global LDAS (GLDAS)
[Rodell et al., 2004], the North Ameriean LDAS (NLDAS)
[Mitchell et al., 2004], the South Ameriean LDAS
(SALDAS) [de Goncalves et al., 2006], and the High
Resolution LDAS [Chen et al., 2009]. KLDAS, whieh
follows the concept and methodology used in many LDAS
projects, was developed over East Asia by integrating a
physically based land process model with satellite remote
sensing and ground-based observation data [Lim et al.,
2010]. KLDAS is essentially an offline Noah land surface
model (LSM) system [Ek et al., 2003] uncoupled from an
atmospherie model that integrates various data, inelnding
satellite-based land eover, time-variable vegetation eharae
teristies and downward shortwave solar radiation, and
observed rainfall and modeled near-snrfaee meteorologieal
variables. The purpose of KLDAS is to improve land surface
parameters of the offline Noah LSM by producing realistic
data sets over East Asia (between 10 to 50°N and 110 to
155°E). Lim et al. [2010] processed two data fields: (1)
analysis-based fields (i.e., air and dew point temperatures
and wind eomponents) that were bilinearly interpolated from
0.5625° and 6-honrly data from Global Data Assimilation
and Predietion System analysis fields to 10 km spatial resolu
tion and hourly timeseales and (2) observation-based fields,
inelnding preeipitation and downward shortwave radiation,
produced from geostationary satellite data such as GOES 9,
MTSAT-IR and Global Teleeommnnieation System
aeenmnlated preeipitation, and Automatic Weather System
preeipitation. Lim et al. [2010] utilized MODIS land prod
ucts, inelnding MODIS MOD12C1 land eover, MOD13C1
EVI, and MOD 15 LAI to obtain improved information
regarding the land surface status.
[21] Various meteorologieal data, inelnding Ta, RH, Pi,
and
have been generated from KLDAS over the East
Asia domain, with 10 km spatial resolution and hourly tem
poral fidelity. These data were used in this study, with
MODIS land products, to estimate ET (i.e., KLDAS ET)
when MODIS ET was not produced due to eloud contami
nated pixels. However, because the net radiation {R„) inputs
required for estimating ET are not produced in KLDAS,
we applied a simple regression method to estimate R„
using the relationships established between the observed
R^g and R„ for each o f the major biome types in the study
domain. The simple linear regression models used to

estimate R„ from were reported in several previous stud
ies [Kaminsky and Dubayah, 1997; Alados et al., 2003;
Kwon, 2009]. The commonly used equations ean be
expressed as follows:
Rjj —a\R^ + b\

(1)

R„ — Ml (l-a)R;( + b\

(2)

where a\ and h\ are biome-speeifie regression coefficients
and a is the albedo obtained from the MODIS MCD43B3
product.
[22] Alados et al. [2003] explored these relationships using
3 8 months of 5 min resolution surface radiation data over
sparse shmbland in Spain and eoneluded that the simple
regression method (equations (1) and (2)) provides a reason
able estimation of R„. Kwon [2009] investigated the relation
ship between R„ and
using equation (1) for three major
plant functional types (deeidnons forest, coniferous forest,
and farmland) in Korea and reported different values of a\
and hi for each type. In the present study, the KLDAS-based
R„ was estimated using equation (2), and the coefficients
(mi and hi) were obtained for individual biome types using
linear regression analysis. For elear and partially elear-sky
eonditions, the coefficients were developed using
and
R„ data from MODIS; for cloudy eonditions, we applied
the biome-speeifie regression model to estimate R„ from
the KLDAS-derived Ri.
3.

Results

3.1. Validation of Input Variables
3.1.1. MODIS Inputs
[23] The MODIS product inputs were eompared with
ground-based measurements from flux tower sites representing
the major biome types within the domain (Table 3). The
MYD07 L2-based air temperature {Ta) retrievals under
elear-sky eonditions showed favorable agreement with surface
air temperature measurements from the eight flux tower
sites. The eoeffieient of determination (r^), mean residual
error (ME), and root-mean-square error (RMSE) metrics
describing these relationships ranged from 0.82 to 0.94,
from —6.9 to -l-l.l°C, and from 2.4 to 7.8°C, respectively.
The HBG site showed good agreement (r^ = 0.82) between
the MODIS- and tower-based temperatures, whereas the
ME (—6.9°C) and RMSE (7.8°C) metrics describing these
relationships were larger than those of other sites. The error
ranges were generally similar to those reported from previous
studies [Bisht et al., 2005; Ryu et al., 2008; Jang et al., 2010].
VPD was generally underestimated. Overall, the ME and
RMSE values for VPD ranged from —0.73 to J-O.IO kPa and
from 0.27 to 0.67 kPa, respectively.
[24] The net radiation {R„\ W m “ ^) and its eomponents,
inelnding downward and upward shortwave {R^ and R \\ W
m “ ^) and longwave radiations (R| and 7?]^; W m “ ^), agreed
well with the flux tower measurements;
showed good
agreement (r^>0.83) with the flux tower measurements
except for the HBG site (r^ = 0.67);
was slightly
underestimated at all sites, though the assoeiated RMSE
differences were less than 120 W m “ ^. The r J , R^, and 7?]^
results also showed good agreement when eompared to the
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Table 3. Error Statistics for the T^, VPD, R g, R^g, R g, r \ , and R„ Measurements at the Eight Tower Sites for the Study Period Presented in
Table H
M E/RM SE (r^)
Site ID
GDK
HFK
TKY
TM K
CBS
QYZ
HBG
SKT

Ta (°C)

VPD (kPa)

-0 .3 /3 .5 (0.94)
-0 .4 /2 .5 (0.93)
-0 .7 /2 .4 (0 .9 1 )
-2 .S /3 .2 (0.91)
-S .6 /6 .2 (0.88)
+1.1/3.5 (0.84)
-6 .9 /7 .8 (0.82)
-1 .2 /4 .2 (0.89)

-0 .2 /0 .3 (0.90)
-0 .2 /0 .4 (0 .7 1 )
+0.1/0.3 (0.53)
-0 .1 /0 .3 (0.45)
-0 .5 /0 .7 (0.49)
-0 .0 /0 .5 (0.62)
-0 .7 /0 .5 (0.10)
-0 .0 /0 .3 (0.81)

4

R \ (W m -^ )

(W m ")

-3 3 .0 /6 9 .1 (0.88)
-3 8 .0 /5 3 .7 (0.94)
-3 8 .3 /9 4 .2 (0.90)
-1 4 .2 /8 3 .8 (0.85)
-4 3 .7 /8 1 .5 (0.83)
-4 .1 /5 2 .4 (0 .8 4 )
-5 1 .6 /1 1 4 .9 (0.67)
-4 0 .0 /9 7 .1 (0.83)

4

-2 9 .4 /3 5 .5 (0.85)
-7 .7 /1 6 .3 (0.81)
+2.0/12.9 (0.79)
+33.4/36.9 (0.20)
+32.7/35.5 (0.57)
-4 .3 /9 .5 (0.47)

(W m ")

-3 6 .1 /4 4 .0 (0.67)
-24 .7 /2 7 .1 (0.92)
-4 .8 /5 6 .0 (0.47)
+17.1/45.0 (0.77)
+4.1/28.1 (0.87)
+32.5/36.6 (0.92)

4 (W m

Rn (W m ")

")

-4 3 .8 /6 7 .1 (0.94)
+35.9/46.2 (0.95)
-2 5 .2 /5 6 .5 (0.90)
-1 9 .1 /7 5 .2 (0 .8 4 )
-5 1 .2 /1 0 3 .2 (0.60)
-2 6 .0 /5 4 .2 (0.86)
-8 2 .0 /1 1 5 .2 (0.73)
-9 0 .1 /1 1 7 .5 (0.82)

-2 6 .2 /3 0 .9 (0.89)
-7 .6 /1 3 .7 (0.93)
+12.2/57.2 (0.44)
+5.1/34.1 (0.96)
+1.9/18.7 (0.80)
+45.4/52.7 (0.95)

“The ME, RM SE, and r are the m ean error, the root-m ean-square error, and the determ ination o f coefficient, respectively.

tower site measurements, and the assoeiated RMSE range was
less than 60 W m “ ^ at all sites (Table 3). The estimated R„
showed reasonable aeeuraey, with an
over 0.60, and was
generally underestimated at seven sites (ME= —90.1 to
-19.1 W m “ 2), exeluding the HFK site (ME = +35.9 W m “ 2).

3.1.2. KLDAS Inputs
[25]
The input variables derived from KLDAS were
eompared with two flux tower sites in Korea for 2006, i.e.,
the GDK and HFK sites. The KLDAS-derived Ta showed
favorable agreement with surface air temperature measurements
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Figure 3. Comparison of the MODIS-based daily ET (mmd
over a 5 year period at the eight flux tower sites: (a) GDK, (b) HFK, (e) TKY, (d) TMK, (e) CBS, (f)
HBG, (g) QYZ, and (h) SKT.
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Table 4. Error Statistics for the MODIS Instantaneous and Daily
ET Results at the Eight Tower Sites
Instantaneous ET (W m
Site
GDK
HFK
TKY
TM K
CBS
HBG
QYZ
SKT

r

2

0.73
0.33
0.40
0.58
0.66
0.60
0.45
0.79

Daily ET (m m d *)
2

M E (RMSE)

r

+41.0 (58.9)
- 3 5 .7 (83.1)
-4 3 .2 (1 1 8 .0 )
-6 7 .3 (105.3)
- 3 5 .2 (67.0)
-1 5 .7 (6 6 .1 )
-8 1 .3 (123.8)
- 3 0 .7 (49.1)

0.81
0.48
0.66
0.62
0.82
0.67
0.61
0.84

ME (RMSE)
+0.4
- 0 .3
- 0 .1
- 0 .9
- 0 .3
- 0 .2
- 0 .5
- 0 .2

(0.7)
(0.9)
(0.8)
(1.3)
(0.6)
(0.8)
(0.8)
(0.4)

at the two sites. The r^, ME, and RMSE values for the GDK and
HFK sites were 0.96 and 0.89°C, -1 .7 and - l . F C , and 2.7
and 3.5°C, respeetively. VPD was generally underestimated.
The ME and FLMSE values for VPD were —0.12 (GDK) and
-0.14 (HFK) kPa and 0.29 (GDK) to 0.38 (HFK) kPa,
respeetively. The Rg value derived from KLDAS showed

favorable agreement with the flux tower measurements; Rg
was slightly overestimated at the two sites, with
+47.9 W m “ 2 ME for the GDK site and +35.2 W m “ 2 for
the HFK site, though the assoeiated RMSE differenees were
less than 130 W m “ ^. The R„ value estimated using equation
(2) showed reasonable aeeuraey;
for the GDK and HFK
sites was 0.76 and 0.65, respeetively. The R„ ME was
slightly overestimated at ME = +13.1 for the GDK site and
+41.6 W m “ ^ for the HFK site.
3.2. ET Estimates
3.2.1. MODIS ET
[26] The MODIS stand-alone ET results were validated
through eomparisons with ground-based observations from
the eight flux tower sites in the Northeast Asia domain (see
Figure 3 and Table 4). The instantaneous ET (lET, W m “ ^)
at the satellite overpass time was generally underestimated
relative to the tower observations, with an ME ranging from
-1 5 .6 (HBG) to +41.0 (GDK) W
and RMSE values
ranging from 49.1 (SKT) to 123.8 (QYZ) W
Low

MODiS_OET..1 km
m m /d a y
High : 3
30° N Low: 0

110° E

100“ E

120“ E

I10“ E

130“ E
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(b)
D E T _ re tr le v a L ra te
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Figure 4. Maps of (a) MODIS-based annual mean ET and (b) the assoeiated retrieval rate in 2006; the retrieval rate is
defined as the proportion of sueeessfril daily retrievals over the total annual (365 day) period.
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MODIS-KLDAS ET
gh : 900
Low : 0

Figure 5. Annual ET (mmyr
map from 2006 to 2008 produced by integrating the MODIS ET and
KLDAS ET results over the Northeast Asia domain.
values were observed at the HFK (0.33), TKY (0.40), and
QYZ (0.45) sites. For the GDK site, the MODIS lET results
generally were overestimated in eomparison to the flux tower
measurements (ME = +41.0 W m “ ^).
[27] Overall, the MODIS daily ET (DET, mm d“ ^) showed
better agreement with the tower observations (Figure 3) than
lET for all sites. Although the result between the MODIS and
tower DET showed relatively weak agreement for the HFK
site (r^ = 0.48), all other sites showed generally strong agree
ment (r^ > 0.61) (Table 4). ME and RMSE varied from —0.9
to +0.4m m d“ ^ and from 0.4 to 1.3m m d“ \ respeetively.
The MODIS DET results were generally underestimated
when eompared to the tower observations, with the exeeption
of the GDK site (ME = +0.4 m m d“ ^). The lowest value of
ME (—0.9 mm d“ ^) was found for the TMK site.
3.2.2. KLDAS ET
[28] The daily-seale KLDAS ET (DET, mm d“ ^) results
were eompared to the GDK and HFK tower observations
for 2006. KLDAS DET showed good agreement for the
GDK site, with r^ = 0.78; ME and RMSE were +0.40 and
0.64m m d“ \ respeetively. The KLDAS DET was slightly
underestimated for the HFK site, with —0.09m m d“ ^ of
ME;
was 0.67, whieh was higher than MODIS DET
(r^ = 0.48). The KLDAS DET RMSE value at the HFK site
was 0.63 m m d“ ^ for 2006.
3.3. MODIS-KLDAS ET
[29] The MODIS stand-alone daily ET resulted in a 35%
average retrieval rate for the study domain from 2006 to
2008 (Figure 4). The major gaps were eonfined to periods
from late spring to early autumn. Although the retrieval rate
was high over some areas, ineluding eenfral Mongolia, north
eastem China, southem Korea, and southem Japan, even these
regions showed sueeessful retrievals of less than 60% of the
annual eyele. The low retrieval rate was largely due to frequent
eloud eover, whieh strongly degrades satellite optieal-infrared
remote sensing eapability for eontinuous ET monitoring over
Northeast Asia, partieularly during the monsoon season.
[30] KLDAS ET was used for the gap-filling of missing
data in the MODIS DET reeord and agreed well with

MODIS ET, showing an that ranged from 0.8936 (ENF)
to 0.9749 (DBF). Thus, a eontinuous ET reeord was
produeed over the Northeast Asia domain for 2006 to 2008
by merging the MODIS ET and KLDAS ET reeords.
[31] The annual aeeumulated ET (hereafter, annual ET;
mm yr“ ^) showed a eonsiderable spatial variation aeross
the domain, with a mean and standard deviation of 362.0 mm
yr“ ^ and 161.5 m m yr“ ^ for 2006 to 2008, and was generally
higher at lower latitudes and elevations and in eoastal and
eropland regions (Figure 5). The annual ET for eropland
dominated by irrigated paddy riee was generally high
(445.7 ± 124.7 m m yr“ ^) and represented the highest ET rates
in southeastem China, an area where multiple eropping is
widespread [Xiao et al., 2005]. In eonfrast, grassland areas
showed the lowest annual ET (193.6 + 83.9 m m yr“ ^) relative
to the other land eover types (Table 5).
[32] Time series plots of the integrated MODIS-KLDAS
ET and flux tower measurements at the GDK and HFK sites
for 2006 are presented in Figure 6. The MODIS-KLDAS ET
results generally fraek the seasonal eourse of measured ET at
the two sites, ineluding ET depressions during the summer
monsoon period (Figure 6). The annual ET result was
Table 5. Mean and Standard Deviation of the Annual ET (mm
yr^^) for Individual Land Cover Types Within the Study Domain
From 2006 to 2008
Land Cover
ENF
EBF
DNF
DBF
MF
CSB
OSB

wsv
sv
OLD
FWD
CRP
CNV

12,935

E T (m m y r ')

SD

M aximum

N um ber o f Pixels

377.2
745.1
318.5
466.2
447.4
311.5
147.2
410.5
326.0
193.6
423.6
445.7
497.2

129.8
122.8
56.4
59.4
95.9
124.0
103.9
104.3
100.4
83.9
126.7
124.7
107.9

889.7
1,022.43
614.0
895.6
986.3
783.8
716.8
878.9
857.6
822.2
1,069.4
938.8
861.1

81,078
20,838
21,091
180,095
919,093
14,066
219,724
177,702
54,882
1,188,444
5,918
1,556,908
39,037
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Figure 6. Time series and eumulative plots ofthe MODIS-KLDAS ET (dashed gray line), MODIS16A2 ET
(dashed blaek line), and tower-measured ET (solid line) results at the (a and b) GDK and (e and d) HFK sites.
overestimated at the GDK site (Figures 6a and 6b). The
MODIS-KLDAS ET results steeply inereased earlier in
spring (DOY 100-150) and showed higher values relative
to the tower measurements. Although the overestimation
pattem was sustained in early summer (DOY 180),
MODIS-KLDAS ET paralleled the flux tower measurements
after late summer (DOY 230). The annual ET for the GDK
site was 517 mm and 367 mm for the model- and tower-based
results, respeetively, and MODIS-KLDAS ET at the GDK
site showed a general overestimation of approximately
39.5% in 2006. For the HFK site, the MODIS-KLDAS result
was underestimated when eompared to the tower ET mea
surements until spring (DOY 150) and showed a similar
range relative to the tower ET measurements after summer
(Figure 6e). The resulting 2006 annual ET rates for the
HFK site were 619 mm and 624 mm for the MODISKLDAS and tower results, respeetively.
3.4. Comparison With the MODIS16 ET Product
[33] The MODIS-KLDAS ET results were eompared to the
MOD16A2 ET data to test model performanee and eompare
relative spatial variability ofthe annual ET (mmyr“ ^) results.
Figure 7 shows the differenee in annual ET between
MOD16A2 and MODIS-KLDAS during the study period
(2006-2008). In general, MODIS-KLDAS ET produeed
lower values than MOD16A2 ET, exeluding eropland. In
partieular, the MOD16A2 ET values for the forest region,
inelnding the ENF, EDF, DNF, DBF, and MF biome types,
were generally higher than our results. The MODISKLDAS annual ET values during the 3 years were relatively
high for the eropland of southeastem and northeastem China
and over westem Korea. For both ET models, the lowest
annual ET values in the study domain were found in the
southem Mongolia and Inner Mongolia regions, whieh are
dominated by grassland.
[34] The spatial variability of the differenee in ET over
eomplex terrain with relatively homogeneous land eover is
shown in Figures 7a-7d. Figure 7a shows the ET differenee
over a eropland dominant area; the distribution of the ET
differenee was generally similar, though the MODIS-

KLDAS ET results show strong variability in relation to
topographie elevation. This pattem is also observed in other
eomplex terrain areas within the domain (Figures 7b-7d).
Furthermore, spatial variability of the differenee in ET in
relation to topographie aspeet is also apparent. In the
Changbai Mountains (Figure 7b), for example, the MODISKLDAS ET was higher than that of MOD16A2 ET for north
and west faeing slopes, whereas the MOD16A2 ET was
higher for east faeing slopes.
[35] The 8 day eumulative ET estimates from MODISKLDAS and MOD16A2 were eompared with flux tower
observations for 2006 at the GDK and HFK sites (see
Figures 6b and 6d). Both models produeed markedly
overestimated results for the GDK site; ME (RMSE) for
MODIS-KLDAS and MOD16A2 ET were -t3.36 (4.68) mm
8 d“ ^ and -1-9.05 (13.41) mm 8 d“ \ and was 0.8876 and
0.9015, respeetively. In eontrast, a larger performanee
differenee between the two models was noted for the HFK
site. The MODIS-KLDAS ET results showed favorable
agreement with the flux tower observations (ME = —0.09 mm
8 d ~ \ RMSE = 3.46mm 8 d ~ \ r^ = 0.8386), whereas
the MOD16A2 ET showed generally lower eorrespondenee (M E = -0 .9 5 m m 8 d ~ \ RM SE= 10.61 mm 8 d ~ \
= 0.3530) at this site.
4.

Discussion

[36 ] This study applied the methodology for ET estimation
proposed by Jang et al. [2010] to monitor daily ET over
Northeast Asia. We used a stand-alone MODIS ET algorithm
[Jang et al., 2010] under elear-sky and partially eloudy-sky
eonditions and applied the same algorithm using KLDAS
meteorology and MODIS land produets for eloudy eondi
tions to faeilitate eontinuous daily ET estimates. The stand
alone ET algorithm based on MODIS atmospherie and land
produets was used in this study and was evaluated using
ground-based measurement data over Northeast Asia. In this
study, the temporal resolution of the EVI data was improved
from 16 days to 8 days by eombining similar Terra and Aqua
MODIS EVI produets, whieh ineluded the vegetation eover
fraetion in the ealeulation. In addition, the souree of LAI
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Figure 7. The map of annual ET differences between MOD16A2 and MODIS-KLDAS (MOD16A2
minus our results) from 2006 to 2008. The red boxes show the spatial variability of the differenees in ET
with regard to eomplex topography with relatively homogeneous land eover types in (a) the Shandong
Peninsula, (b) the Changbai Mountains, (e) Hokkaido, and (d) the midwestem part of Japan (i.e., the
Kansai region). Each box contains (left) the land eover map with (right) the digital elevation map and
ET differenee.
inputs from Jang et al. [2010] was changed by using the
MYD15A2 product. The input meteorologieal variables
derived from MODIS showed generally favorable agreement
with the in situ measurements from flux tower sites within the
study domain (Table 3). Despite the high aeeuraey of the
MODIS input variables, the estimated ET showed eonsider
able errors when eompared to the tower observations at all
sites (Figure 3 and Table 4). Jang et al. [2010] discussed
the causes of sueh errors, ineluding seale diserepaneies
between the relatively eoarse 1 km spatial resolution of the
MODIS grid cell eompared to the loeal tower footprint and
assoeiated landscape heterogeneity, the eoarse (8-16 day)
temporal fidelity of the MODIS land products, and ET model
parameter uneertainty, inelnding eanopy (or surfaee) and
aerodynamic eonduetanee terms.

[37] KLDAS ET was estimated using the KLDAS meteo
rology and MODIS land products. KLDAS DET showed a
similar seasonal pattem to MODIS DET (not shown),
beeause both ET models used similar methods except for
surfaee meteorology inputs. The related errors of KLDAS
DET at the GDK and HFK sites were slightly lower than
the eorresponding MODIS DET errors, whieh may attributed
to differenees in the number of available daily meteorologieal
data used as ET model inputs. KLDAS meteorology was
produeed at hourly intervals and used to derive DET, while
MODIS DET was generated from a single instantaneous
ET (lET) retrieval over each pixel within the study domain.
Thus, the diumal ET variation may be better represented by
the KLDAS DET, relative to MODIS DET estimated from
the lET retrieval using a sinusoidal model.
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[38 ] A model framework was developed and sueeessfrilly
tested for eontinuous spatiotemporal mapping of ET on a daily
basis over the Northeast Asian region. The ET results for 3
years (2006-2008) were produeed by integrating MODIS
and KLDAS-driven ET ealeulations under elear-sky and
eloudy-sky eonditions. Overall, the ET results showed distinet
spatial variations among the different regional biome types
delineated by the MODIS (MOD12Q1) land eover elassifieation. The integrated MODIS-KLDAS ET results showed
relatively high values for forests, ineluding evergreen broad
leaf forest, deeidnons broadleaf forest, mixed forest and
eroplands, and low values for grassland and open shrabland
areas (Table 5). The ET results also showed large variability
within the individual biome types that varied along latitudinal
and elevation gradients. In partieular, large ET gradients were
evident for eroplands from southeastem to northeastem China,
in forests aeross the Korean Peninsula, and for eoastal regions
in Japan (Figure 5). The MODIS-KLDAS ET results were
eompared to tower measured ET at the GDK and HFK sites
in South Korea and generally fraeked the seasonal eourse of
ET measurements at the two sites. The annual ET was
overestimated by approximately 39.5% for the GDK (forest)
site and underestimated by 0.8% for the HFK (eropland) site
(Figures 6b and 6d). With regard to seasonal pattems, we
observed eonsiderable model-tower mismatehes from the
early spring to early summer seasons (Figures 6a and 6e),
whieh may be due to uneertainty in springtime LAI and
vegetation fraetions.
[39] The MODIS-KLDAS ET results were eompared
against daily ET estimates from the MODIS MOD16A2
global produet [Mu et al., 2011], with the MODIS-KLDAS
results showing higher ET levels in eropland regions, but
lower ET levels in the other biome areas (Figure 7). Sueh
diserepaneies may be eaused by eonsidering the sheltering
effeet (/() on eanopy eonduetanee, using different maximum
leaf eonduetanee terms {€£) for eaeh biome type, and apply
ing finer-seale regional meteorologieal data in the MODISKLDAS produet. The shelter faetor, f^, whieh takes into
aeeount the shading effeet eaused by phenologieal ehanges
[Dingman, 1994], was used in the ealeulation of the eanopy
eonduetanee term, as suggested b y e t a/. [2010]; itplays
an important role in redueing the eanopy eonduetanee at
higher eanopy densities (LAI >3). Consequently, the
MODIS-KLDAS results showed lower ET levels than the
MOD 16A2 produet, partieularly for forested areas, and better
agreement with tower ET measurements at a representative
forest site (GDK). In addition, the effeet o f f o r eropland
ET is relatively lower than forest beeause of the generally
smaller erop LAI levels. The utilization of different maxi
mum leaf eonduetanee (C^) results explains the higher
MODIS-KLDAS ET values found in erop regions eompared
to MOD16A2 ET. MOD16A2 ET uses the erop biome Cl of
0.0070 m s “ ^ [Mu et a l, 2011], whereas MODIS-KLDAS
ET applies a value of 0.0110m s“ ^ [Federer et a l, 1996;
Jang et a l, 2010]. Another potential eause of the spatial
diserepaney between MOD16A2 and MODIS-KLDAS ET
is the use of different meteorologieal input variables. The
MOD16A2 ET used GMAO (1.00° x 1 .2 5 °) daily meteoro
logieal data as model inputs, whereas this study applied
finer-seale (10 km resolution) KLDAS meteorologieal data
and 5 km resolution MODIS data as primary model inputs.
As Kim et al. [2012] noted, eoarse GMAO meteorology is

unable to eapture finer-seale spatial variations in surfaee
meteorology affeeted by eomplex topography and land eover
eonditions. Consequently, the MODIS-KLDAS results were
able to eapture spatial ET variability in relation to regional
elevation gradients and topographie aspeets within relatively
homogeneous land eover areas (Figures 7a-7d).
[40]
In this study, we demonstrated the integration of
satellite (MODIS) remote sensing and mesoseale meteoro
logieal model (KLDAS) data for eontinuous regional
monitoring of ET. Our integration method was sueeessfrilly
applied over the Northeast Asia region, an area where
frequent and extensive eloud eover degrades satellite
optieal-infrared remote sensing eapability, partieularly
during the summer monsoon period. We expeet our integra
tion method ean be applied to any region with available
regional meteorologieal data, though model aeeuraey will
vary with regional differenees in model input uneertainty
and environmental eonditions. Thus, model ET aeeuraey de
rived from meteorologieal inputs over regions with sparse ob
servation network data eould be lower than that in areas with
better eonsfrained meteorologieal foreing data. In addition, ap
propriate regional meteorologieal data may not exist for a speeifie researeh domain. For these reasons, there have been some
efforts to estimate surfaee meteorology and ET based on
stand-alone satellite remote sensing methods. Indeed, altema
tive methods have been developed for estimating the ET and
radiation eomponents solely from satellite remote sensing data
[Kim and Hogue, 2008; Wang and Liang, 2009; Wang and
Pinker, 2009; Bisht and Bras, 2010; Vinukollu et al, 2011].
The development of new methods for estimating land surfaee
radiant fluxes and ET from satellite data for all-sky eonditions
ean provide an opportunity to overeome some of the limita
tions of the integration methods demonstrated in this study.
This advanee would enable traly independent satellite remote
sensing-based ET retrievals without offline meteorologieal
data for any region in the world.
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